Abstract: According to the Intergovernmental Panel on Climate Change's (IPCC) Fifth Assessment Report, the amount of precipitation in South Korea would increase regardless of the reduction of Greenhouse Gas (GHG) emissions. However, at the same time, it is expected that the temporal and spatial rainfall variation would also increase. Due to the impact from typhoons, 90% of the annual precipitation in Korea occurs in July, August, and September. Moreover, the Representative Concentration Pathways (RCP) scenario projected that the average precipitation in this period is expected to increase markedly, especially over the next 100 years. These predictions imply an increased variability of available water resources. In this study, we assessed a RBSN (rain barrel sharing network) as an efficient way to respond to the future climate change projections under the RCP scenarios when compared to the historical data. We proposed an evaluation procedure for the reliability, resilience, and vulnerability of RBSN based on a storage-reliability-yield (SRY) relationship. The result shows that the reliability and resiliency of a RBSN will improve but be more vulnerable compared to the results from the historical rainfall data. However, even in the climate change condition, the results showed that a RBSN still contributes to reduce vulnerability. The results of this study imply that a RBSN is an effective and alternative measure that can deal with the impacts of climate change in the future.
Introduction
A rainwater harvesting system (RWHS) is the accumulation and storage of rainwater for various uses directly on-site with containers, gathering tanks, and other forms of storage devices, rather than allowing water to run [1] . RWHS comes in all shapes and sizes, from simple catchment system under a downspout to large above and/or underground cisterns with complex filtration systems. Types of RWHS include the simplest form of rainwater harvesting such as rain barrels, domestic RWHSs such as gravity feed systems on building tops or pump feed systems at ground level. There are commercial or industrial RWHSs, which are different from the domestic RWHSs mainly by their greater sizes. The advantage of RWHS includes covering the peak flow in demand that is greater than the amount of the water source, flexible responses to irregular water supply, and sustainable water resources management, which can contribute to water security in the case of supply interruptions or disaster. Moreover, harvested rainwater can be used in each household. There are additional benefits, as a source of chemically untreated water that can reduce peak flow in urban catchments and also offer freeze protection by working as a form of thermal conservation. A rainwater harvesting system (RWHS) typically consists of natural landforms and artificial facilities that store rainwater in the hydrologic cycle [2] . Owing to these advantages, the RWHS has been adopted for diverse purposes around the world for centuries. For example, in household irrigation and other uses [2] [3] [4] , and in agricultural irrigation in both urban and rural areas [5, 6] . It has been broadly employed as a pragmatic methodology for sustainable water resource management, especially in municipal regions.
RWHS is fast becoming an essential part of sustainable water management [7] . Most of the previous studies have been focused on the optimal sizing of rainwater storage, using a mass balance relation [6, 8, 9] . The concept of rainwater harvesting is close to that of stormwater basins or reservoir systems except for on-site use. Therefore, similar approaches have been applied to determine the optimal-sizing of a rainwater storage system, such as an analytical equation for storm-water detention [10] , a general storage-reliability-yield (SRY) relationship [11] , and a method with different results depending on the scenario [12] , or a dimensionless method [12] . On the other hand, the regional performance of RWHS has drawn great attention as it is necessary to comprehend how regional characteristics, such as social and natural components, affect the performance of a RWHS [13] [14] [15] [16] [17] .
The importance of RWHS as an alternative water source is becoming prominent and now receives greater attention under climate change. Various studies have proposed an integrated method for the sizing of a RWHS [18] and assessed the performance of a RWHS under various climatic conditions. Asadieh et al. [19] showed that a suburban RWHS primarily for the purpose of non-potable water is more sensitive to climate change compared to other forms of RWHS. Jafarzadeh et al. [20] investigated the capacity of an RWHS, which is required for a specific deficit rate under climate change, and showed that a climate change scenario resulted in a capacity reduction. Label et al. [21] assessed the benefits of a RWHS on the maize yield increase based on a spatial climate projection in Africa. Haque et al. [22] reported the negative effects of climate change on the performance of a RWHS in Australia.
A single user involves both the production and use of rainwater, which enables mutual aid among multiple users. This is one of the interesting features of a RWHS: its potential to be commonly shared among neighbors because of its on-site use characteristic. Social campaigns and programs can promote and encourage people to form a feasible rain barrel sharing network (RBSN). Therefore, a RBSN can be defined as a sharing network in a community, of which members readily share their stored (rain barrel) rainwater with others. All members in the community can join the sharing program. However, sometimes, only a few members would join the sharing program depending on their needs. There can be possible combination of demands depending on the number of users who join the sharing program. Seo et al. [23] introduced a virtual community of four individual users and showed that the reliability of a RBSN increases as the degree of sharing increases. The benefits from a RBSN are expected to be larger under climate change [24] .
The main focus of this study is to evaluate a RBSN under climate change and whether a RBSN degrades or upgrade the performance of RWHS in a qualitative basis using three performance criteria: reliability, resiliency, and vulnerability. In this regard, this study measures the performance of a RBSN depending on the degree of sharing and how it changes under climate change conditions. Specifically, this study assesses the performance of a RBSN under RCP scenarios, including how successfully a RBSN works (reliability), how quickly a RBSN recovers from a failure state (resiliency), and how severely a RBSN fails (vulnerability). We compared these performance criteria with different climate change scenarios and compared the results with historical rainfall data to examine the benefit of a RBSN under climate change. Four cities in South Korea were selected as a case study with regional projections based on the RCP Scenarios from IPCC [25] . We assumed water demand as a random variable to contain the uncertainty of demand, similar to previous studies [23, 24, 26, 27 ].
Methods

Study Area and Corresponding RCP Scenarios
The RCPs used in this study are the climate change scenarios presented in the IPCC Fifth Assessment Report [25] . The RCPs describe four different pathways, including GHG emissions and atmospheric concentrations, air pollutant emissions, and land use. A storyline for each RCP is based on the degree of implementation of the GHG mitigation policy, as shown in Table 1 . The RCP scenarios include a rigorous mitigation scenario (RCP 2.6), two scenarios of a moderate level of mitigation (RCP 4.5 and RCP 6.0), and one GHG emissions scenario of a high level of mitigation (RCP 8.5). RCP 2.6 is a scenario in which GHG mitigation is very strict and the surface temperature increase is maintained below 2 • C compared to before industrialization [25] . Global warming will continue for 100 years from now under all RCP scenarios except RCP 2.6. The surface temperature of the earth is expected to maintain approximately invariable at elevated levels for many centuries even after absolute cessation of factitious CO 2 emissions [25] . Hence, this study used RCP 4.5, which severely limits GHG emissions among intermediate-level scenarios, and RCP 8.5, which emits GHG to current levels. These cover a wider range of possible pathways than the scenarios used in previous SRES assessments, as they additionally consider scenarios with practices regarding climate policy. Compared to the SRES scenarios used in the IPCC fourth Assessment Report, RCP projections brought about the improvement of the resolution: grid spacing is about 9 times as large as before, and grid spacing in the target area is about 10 times as much as 10 km to 1 km. This made it possible to reflect the various elements affecting possible climate change projections [25] .
The study areas consist of four metropolitan cites in South Korea: Seoul, Busan, Daegu, and Gwangju. These cities have a population of greater than 1.5 million each and are among the largest metropolitan cities in South Korea. Figure 1 shows the locations of the study areas. The regional projection data in South Korea was obtained from the Korea Meteorological Administration (KMA). KMA produced the regional projection using a HadGEM3-RA (12.5 km resolution) with the global scenario from HadGEM2-AO (135 km resolution). Again, a statistical disaggregation model, PRISM (Parameter-elevation Regression on Independent Slopes Model) was used to produce detail projections (1 km resolution) in South Korea [28, 29] .
The projection shows a unanimous increase in monthly rainfall for both RCP 4.5 and 8.5 scenarios, which is different from the previous SRES scenarios. Seo et al. [23] reported that the monthly rainfall changes based on the SRES scenarios, such as in A1B, A2, and B1. The SRES scenarios forecasted that the monthly rainfall in July will increase by 113%, whereas the monthly rainfall in October will decrease by −26.7% in Seoul. However, RCP scenarios result in different projects as shown in Figure 2 . Figure 2 shows the monthly rainfall projection from 2071 to 2100. The RCP 4.5 and 8.5 projection shows that the monthly rainfall in Seoul on July will increase by 199% and 186%, respectively. Monthly rainfall in July in Busan, Daegu, and Gwangju will increase by 220%, 180%, and 193%, respectively. This tendency in monthly rainfall increase is similar for all months. The RCP scenario shows increases also in the winter seasons when compared to the historical data. Particularly, it shows great increases in monthly rainfall in February and December. For example, the monthly rainfall in December and February will increase by 409% and 353%, respectively. The annual precipitation will increase by 149% and 150% for the RCP 4.5 and 8.5 scenarios, respectively. 
SRY Relation and a RBSN
Combining demand, reliability and precipitation, a simple mass balance relation is used to calculate the storage. Storage is a cumulative summation of the difference between demand and precipitation but remains positive. If storage goes below zero, the state changes to a failure. The SRY curve method was used to calculate the required storage size for a given target reliability [11] :
where Sr is the total storage size of a RWHS per unit collecting area (1 m 2 ), X is demand, R is reliability, and P is precipitation for a time period of interest. Here, the yield ratio is a non-dimensional one, which is divided by the mean daily rainfall. For example, α = 0.1 means that the demand is 1/10 of the mean daily rainfall:
This study assumes the water demand as a random variable with a lognormal distribution due to its inherent variability. The daily water demand is a combination of different and diverse water uses [4] . It is important to take account of inherent variability in water demand that is caused by variable purposes, different timing and amount of use. In case of sharing, a new combination of demand (C i ) is calculated based on the number of users who join the sharing group. The new combination of demand is normalized by the users' contributing area before applying it to obtain the required storage as follows [24] :
where Sr total is the total required storage for the target reliability, Sr i is the required storage for user i, a i is contributing area, and C i is a new combination of demands based on sharing networks among users. Figure 3 depicts an example of SRY curves in Seoul with historical rainfall data from 1971 to 2000. Figure 3 shows an increase in reliability with increasing storage size given a yield ratio (α). Figure 4 shows a RBSN that consists of the four individual users with rainwater storage (rain barrel) for each that are considered in this study. Individual users can share their storage with others. This sharing creates a new combination of demands. The sharing degree (N c ) is represented by the number of sharing connections [24, 28] . For example, there are three connections (N c = 3) if all four users are sharing their storage. For N c = 1, possible sharing connections are dependent on whom will join the sharing group. Let us say User 1 (X 1 ) and User 2 (X 2 ) share their storage with each other, then two other users (X 3 and X 4 ) are out of the sharing network. Therefore, new possible combinations of demands are C 1 (X 1 + X 2 ), C 2 (X 3 ) and C 3 (X 4 ). This corresponds to scenario 11 listed on Table 2 . Actually, there are a number of possible combinations, depending on the number of users who join a sharing group. Table 2 lists all the possible combinations depending on the number of connections (N c ) considered in this study. With all of the possible number of combinations, a new SYR relation can be derived. Finally, comparing this SRY relation with that from the non-sharing case reveals the benefit of a RBSN. Basically, the benefit of a RBSN results in a higher reliability for the same storage size, which means the supply storage meets a user's demand more often when compared to the non-sharing case. Given a target reliability, a RBSN can contribute to reducing the storage size by sharing. It means one can reduce the costs of rainwater harvesting with the same performance. 
Performance Criteria
What would be the benefit from a community sharing strategy on the performance of an individual RWHS? The main focus of this study is to assess whether a RBSN degrades or upgrades the performance of RWHS in a qualitative way using three different performance criteria. We used reliability, resiliency, and vulnerability as the performance criteria of a RBSN in this study. These performance criteria are commonly adopted for a water resources system, such as a reservoir system [11] . Reliability can be defined as the ratio of success states as follows:
where R is reliability and n is the total number of days, n f , n s are the number of failure and success days, respectively. The resiliency can be defined as the inverse of the average days of consecutive failure states [30] .
where γ is the resiliency, R is the reliability, and r f is the ratio of the total number of days when the state changes from failure to success divided by the total number of days. Vulnerability of a RBSN is defined as follows [30] .
where ν is the vulnerability, F is a set of failure states, s j is an indicator showing how severe a failure state is. e j is the probability of s j . In this study, the deficit amount of demand was used as s j . In this regard, the vulnerability of a RBSN is defined as a mean deficit amount of demand. The results show the benefit of a RBSN as the degree of sharing (number of connection, N c ) increases. Figure 5 shows the reliability-storage relation in Seoul for historical rainfall data from 1971 to 2000. The benefit is maximized when all users in a community (Figure 4 ) are connected and share their storage (N c = 3) . Especially, the result shows that this benefit is obvious in a high reliability region, where the reliability is greater than 60, as shown in Figure 5a . This result is consistent even under climate change conditions, as shown in Figure 5b ,c for the RCP 4.5 and 8.5 scenarios, respectively. Figure 5d compares the reliability of a RBSN with historical rainfall and climate change conditions when all users join the sharing group and are fully connected (N c = 3) . The results are interesting in that they show different behaviors when the reliability is greater than 65 and when it is less than 65. The results show that the reliability of a RBSN improves under climate change conditions when the reliability is greater than 65. Both RCP 4.5 and RCP 8.5 result in improved reliability for the region where the reliability is greater than 65. In contrast, when the reliability is less than 65, the reliability is degraded under the climate change conditions when compared with the results from the historical rainfall data. Resiliency shows different behaviors when compared to reliability in a RBSN. Figure 6 shows the resiliency-storage relation for the historical rainfall data in Seoul (Figure 6a ) and the RCP 4.5 scenario (Figure 6b and RCP 8.5 scenario Figure 6c ). The result with the historical rainfall data shows that the resiliency is degraded as the degree of sharing (or number of connections) increases and this is consistent for the results under future climate conditions (RCP 4.5 and 8.5). These results imply that as users become more involved in sharing, it becomes more difficult for the entire system to recover from failure states. The resiliency is obtained from the inverse of the mean continuous failure period, which is equal to the total failure days divided by the number of switches from failure to success states. It is obvious that the storage size would reduce the number of total failure days, as was shown Figure 5 . However, the number of switches from failure to success states abruptly decreases and has its maximum values around the storage size of 10 cm depth. Therefore, the resiliency has its maximum around the storage size of 10 cm. This explains the peak resiliency for some cases, such as the historical rainfall case (Figure 6a) or the RCP 4.5 case as shown in Figure 6b . In contrast, the RCP 8.5 case shows maximum resiliency values with maximum storages.
Results and Discussion
Performance of a RBSN under the RCP Scenarios
Despite the negative effect of sharing on the resiliency of a RBSN, the simulation result shows that the resiliency improves under the climate change conditions. Figure 6d compares the resiliency of a RBSN with historical rainfall and climate change conditions when all users join in the sharing and are fully connected (N c = 3) . The result shows that the resiliency under the RCP 8.5 scenario is the greatest among the others and this result is consistent regardless of the storage (or rain barrel) size. The resiliency from the historical rainfall data shows a minimum when compared to the results from the climate change scenarios, such as the RCP 4.5 and RCP 8.5.
The vulnerability shows a different behavior when compared with reliability and resiliency. Most of all, the vulnerability remains stable for different storage sizes. As shown in Figure 7 , the changes in vulnerability are less than 0.5. These results imply an independence of the demand deficit and the number of failure days compared to the storage size. However, vulnerability shows a great difference depending on the degree of sharing (or the number of connection, N c ). As the degree of sharing increases, the vulnerability decreases. This is quite obvious, especially when the users fully share their storage with others (N c = 3). In this regard, a RBSN contributes to improving vulnerability and this is consistent for all of the conditions, as shown in Figure 7a for the historical rainfall case, Figure 7b for the RCP 4.5, and Figure 7c for the RCP 8.5 scenario. Figure 7d compares the vulnerability of a RBSN with historical rainfall and climate change conditions when all users join the sharing group and are fully connected (N c = 3). The result shows that the vulnerability of a RSBN is very close for both the RCP 4.5 and RCP 8.5 scenarios, but both cases showed higher vulnerability compared to the results from the historical rainfall. The results imply that the magnitude of failure (supply deficit in this stud) will increase under climate change conditions. However, still, the results clearly indicate the benefit of a RBSN compared to the no-sharing cases. 
Benefit of a RBSN Under RCP Scenarios
In this section, we focused more on the benefit of a RBSN in terms of the storage size reduction target reliability under climate change compared to the results from the historical rainfall data. As mentioned earlier, given a target reliability, a RBSN can contribute to reducing the storage size by sharing. It suggests that one can reduce the cost of rainwater harvesting with the same performance. In order to evaluate the benefit of a RBSN in terms of storage size reduction, first, the target reliability was set from 30 to 95. Then the storage size required to satisfy the target reliability was obtained using the SRY relation. Finally, the amount of storage size reduction was obtained by comparing the case with the no-sharing (N c = 0) case and the other case with full sharing (N c = 3) . Table 3 lists the storage reduction ratio for the sharing network (N c = 3) depending on the region, target reliability, and climate change scenario. For example, the result shows that the storage can be reduced by 62% for a target reliability of 95% with a RBSN compared to the no-sharing case under historical rainfall. As mentioned in Section 3.1, the results show that the sharing negatively affects the storage sizes for lower target reliability. However, the result shows that a RBNS contributes to reducing the required storage size for most cases of target reliability, except 30%. The results show that the storage size reduction ratio is dependent on the climate change scenarios and regions. The storage reduction ratio increases as the target reliability increases and this is consistent for all cases, as shown in Table 3 and Figure 8 . In Seoul, the result showed that the benefit of a RBSN decreases under climate change. However, Busan and Daegu showed that the benefit increases under the climate change conditions. Gwangju showed little change in the benefit from a RBSN with the RCP 4.5 scenario, but slight a decrease with the RCP 8.5 scenario. 
Conclusions
The importance of RWHS as an alternative water source is becoming more prominent and getting more attention under climate change. In this study, we proposed a RBSN as an effective and alternative measure that deals with the impact of climate change in the future. We assessed the performance of a RBSN under the climate change conditions based on SRY curves and compared the results from historical rainfall data using three performance criteria. The results showed that the reliability and resiliency of a RBSN will improve but be more vulnerable to climate change when compared to the results from the historical rainfall data. However, even in the climate change condition, the results showed that a RBSN still contributes to reducing vulnerability. The most important benefit from a RBSN is a storage size reduction. Given target reliability, a RBSN can contribute to reduce the storage size by sharing. It means one can reduce the costs of rainwater harvesting with the same performance. The results show that the storage size reduction ratio is dependent on the climate change scenarios and regions. This case study showed that the benefit of a RBSN decreases under climate change in Seoul. However, Busan and Daegu showed that the benefit increases under climate change conditions. Gwangju showed little change in the benefit from a RBSN with the RCP 4.5 scenario but a slight decrease with the RCP 8.5 scenario.
The impacts from climate change are assessed in various ways and dependent on both external components, such as climate change scenarios and internal components such as an adaption strategy. This study demonstrated that RBSNs can be a prominent and alternative adaptation strategy for rainwater harvesting. It contributes to improving the performance of a RWHS. The potential benefit of a RBSN suggests a new community strategy for countries where RWHSs play an important role to address water-related issues, such as the development of alternative on-site water resources today and even in the future.
